Abstract: Lab-on-a-chip based portable blood analysis systems would allow point-of-care measurements, e.g. in an ambulance, or in remote areas with no fast access to medical care. Such a system would provide much faster information about the health of a patient. Here, we present a system that is based on absorption spectroscopy and uses an organic laser, which is tunable in the visible range. The feasibility of the system is shown with a table-top setup using laboratory equipment. Measurements of human albumin show linear behaviour in a range from 2.5 g/L to 60 g/L. In a consecutive setup the system is implemented on a microfluidic chip and is capable of measuring simultaneously transmitted and side scattered intensities, even with ambient light present. Air-suspended grating couplers on polymers are shown as the first element of a lab-on-a-chip implementation.
Introduction
With the objective to build a portable lab-on-a-chip blood analysis system the Institute for Optofluidics and Nanophotonics (IONAS) has developed a biomedical analysis system with laser light (BANSAI). This could be used for point-of-care (POC) measurements, e.g. in an ambulance, or in remote areas with no fast access to medical care. Such a system would provide much faster information about the health of a patient. Current blood analysis systems, like the ones used in hospitals, require a lot of space and trained staff. The final BANSAI system should fit into a briefcase or even be a hand-held device, and be usable by untrained personnel. The system is based on a nanosecond pulsed photometric measurement with a tunable organic laser and uses disposable chips for blood measurements. A similar photometric system only needs a small number of components in order to match the resolution and sensitivity of a commercial spectrophotometer [1] .
The theoretical principle which BANSAI is based on is absorption spectroscopy, which determines how much light is absorbed at a specific wavelength. By measuring the transmitted light through a sample, the concentration of an analyte can be determined. The absorbance A is defined as [2] :
In our setup, the two intensities I 0 (reference) and I T (transmitted) are measured. The relation between the absorbance and the concentration is described by the BeerLambert law [3] :
The probe thickness d is the length of the measurement channel, and to be able to calculate the concentration c, the absorption coefficient ε λ needs to be known through calibration measurements. Alternatively the term optical density is often used, which is equivalent to absorbance [2] . To obtain additional information the absorbance is measured depending on the wavelength. Therefore it is necessary to either use a multi-chromatic light source in combination with filters, different light sources with the required wavelengths or a tunable laser source. To be able to build a lab-on-a-chip system a small footprint is crucial. We are using organic lasers because they have high potential for miniaturization and low cost, and they are tunable over a wide range in the visible spectrum (VIS) [4] . It is also possible to use any other laser sources, or even LEDs, since no coherence is necessary. One limiting factor is beam divergence, which is critical for optical coupling. To evaluate different approaches the system construction is highly modular, which enables an easy exchange of single components.
In this paper we present three sequential development stages of the system. A table-top setup that proves the functionality of the system, a microfluidic implementation to show that it is possible to downsize the system, and at last we present a vision for a µm-scale lab-on-a-chip implementation with air-suspended grating couplers.
Implementation of the BANSAI concept
To demonstrate the feasibility of the BANSAI system, it is firstly implemented as a table-top system with standard laboratory equipment. This setup is highly modular and easy to adjust, but quite bulky.
Experimental setup
As explained in section 1, there are two channels necessary for absorption spectroscopy, therefore the setup consists of a measurement channel and a reference channel. For the sample preparation, two cuvette holders (Qpod, Quantum Northwest Inc., USA) are used. They allow precise tempering of the samples and have a magnetic stirrer. The samples are measured in 10 mm × 10 mm cuvettes (101-OS, Hellma GmbH & Co. KG, Germany), which have four clear sides. The employed laser source is an organic laser (Visolas DO, Visolas GmbH, Germany) and for the detection integrating amplifiers from the same manufacturer are used.
To determine the turbidity of a sample the side scattered light needs to be measured. Therefore two more optical detection channels are installed at the cuvette holders. In a turbid fluid light gets scattered by small particles. This light is scattered in all directions, but not isotropically distributed [5] .
The block diagram of the system is presented in Fig. 1(a) . On the right side is an organic laser, which is controlled by a computer. The cuvette holders and the laser are connected via optical fibres and a 50/50 beam splitter (CM1-BS013, Thorlabs, Inc., USA), to get two equal optical paths. For a collimated beam, the collimator lenses from the cuvette holders are used, but only on the input side. All photodiodes, both for transmitted and side scattered light, are mounted directly into the optical path. This is done to reduce complexity and increase the captured solid angle for the scattered light measurements. The control of the setup and the data acquisition is realized using a Lab-VIEW program (National Instruments Corp., USA) and the post-processing is done with a MATLAB script (MathWorks Inc., USA).
The table-top setup is presented in Fig. 1(b) . Compared to existing commercial blood analysis systems it is much more compact, but considering the vision of a lab-on-achip system it is still very big. This setup is used to prove the concept and test all components.
The reference system is the Dimension Vista clinical analyser (Siemens Healthcare Diagnostics products, Marburg, Germany) at the department of clinical laboratory medicine of the municipal hospital Karlsruhe.
Materials and Methods
The linearity measurements are done with pooled human albumin (HA). A set of serum specimens, derived from 21 nominally healthy donors, were provided by the department of blood preservation of the municipal hospital of Karlsruhe. A volume of 3 ml was collected from each specimen and gently mixed for about 30 minutes and then filtered through filter paper. The pooled HA standard was aliquoted and stored in capped aliquot vials at −20 ∘ C. The pure HA in the form of lyophilized powder is dissolved in cold physiologic salt solution without adding preservatives. This stock solution with a concentration of 80 g/L is then immediately diluted again for the measurement series (from 80 g/L to 10 g/L) with cold physiologic salt solution.
To measure HA a bromcresol green (BCG) kit (mti diagnostics, Germany) is used. 0.15 mmol/L BCG reagent is prepared in pH 4.2 succinate buffer (75 mmol/L) and the BCG reagent was stored at 8 ∘ C. In this survey, a N protein standard SL calibrator (48.3 g/L) was used (Siemens Healthcare Diagnostics Products GmbH, Marburg, Germany). The samples are measured at a wavelength of 628 nm with a five minute waiting time between the mixing of HA and BCG [6] . Fig. 2 (a) presents the linearity measurement of a dilution series from 10 g/L to 60 g/L and it shows the linear behaviour of the system. The linear fit, presented as red dashed line, is close to the identity line (Id.) and has a very high coefficient of determination R 2 = 0.998. To determine the lower detection limit, a second measurement series was carried out, and it was found that the lower detection limit is 2.5 g/L, seen in Fig. 2 (b). Above this value the data points follow closely the identity line. Below 1.25 g/L, the system was still able to produce results with a coefficient of variation of under 10 %. However, these values were not taken into consideration due to their inconsistency with the concentration values expected according to the linearity of the dilution series. Fig. 2 (c) presents the comparison between the reference immunonephelometric method of the Siemens Dimension Vista, which is plotted on the x-axis, and the test method is the BCG method of the BANSAI system, which is plotted on the y-axis. Again, the behaviour is linear and all the data points are in close proximity of the identity line. Compared to Fig. 2 (a) the linear fit is even closer to the identity line, but the coefficient of determination is a little lower with R 2 = 0.967. The maximum residuals are 0.881 for the human albumin measurements with bromcresol green presented in Fig. 2(a) , and 4.05 for the comparison with the Siemens Dimension Vista presented in Fig. 2(c) .
Results

Implementation on a microfluidic chip
Having shown the feasibility of the macroscopic BAN-SAI system, an implementation on a smaller scale is considered. Therefore, the cuvette holders are replaced by a microfluidic chip. However, the peripheral equipment, laser, amplifiers and computer, are currently still necessary, therefore the setup still requires quite some space, but all components have high potential to be miniaturized. Due to the usage of a ns-pulsed laser, ambient light should not have much influence on the measurement, since the energy of the laser pulse is significantly higher then the ambient light during this short amount of time. Adding apertures and filters should enable measurements on a transparent chip, even independent of ambient light.
Experimental setup
The measurement principle of the microfluidic implementation is presented in Fig. 3(a) . In analogy to the table-top setup, it is based on the same principle, absorption spectroscopy. However, there are some additional modifications necessary to enable the implementation on a chip.
The first fundamental difference is the light coupling into the chip. Since there are no waveguide structures on the chip and the side surfaces of the chip are very rough and dull, it is not possible to butt-couple the light horizontally into the chip, like in the table-top setup. Therefore, the light is coupled with two 45°total internal reflection (TIR) mirrors into and out of the chip. This allows coupling close to the measurement area from a vertical axis into the chip. The photodiodes for transmitted and side scattered light are mounted directly underneath the chip to capture as much signal as possible and also to achieve a small footprint. The second difference is the number of channels. There is only one channel in this microfluidic setup and it is used for both measurement and reference. This is done by sequencing both measurements and repeating them multiple times.
The microfluidic setup is presented in Fig. 3(b-e) . TIR mirrors and apertures, the measurement channel and the magnetic fluid connectors (Bürkert Fluid Control Systems, Germany) are shown in Fig. 3(b) . The magnetic fluid connectors can connect two tubes each and hold the chip itself. This allows a rapid change of the chips. The laser beam cannot be coupled directly from an optical fibre into the microfluidic chip, it needs to be collimated and trimmed first. Therefore a fibre collimator (F230SMA-B, Thorlabs Inc., USA) and an aperture are employed. The optical fibre patch cable and the fibre collimator are shown in Fig. 3(c) .
The measurement channel with a laser beam shining through can be seen in Fig. 3(d-e) . The laser source is a fibre-tester with a wavelength of 655 nm and an optical output power of < 1 mW (Fibercheck, Laser Components GmbH, Germany). It is operated in cw-mode, to illustrate the optical path in the chip. For the measurements the nspulsed organic laser with a wavelength range of 625 nm to 640 nm is used. The sample fluids are pumped with a laboratory syringe pump (Genie Touch, Kent Scientific Corp., USA) at a flow rate of 1 ml/min.
Analogous to the table-top setup the microfluidic setup is controlled using a LabVIEW program and the postprocessing is done with a MATLAB script. For the data exchange an interface for comma-separated values (CSV) is defined, which consists of two parts. All parameters of the setup together with comments and a description of the sample are saved in the header section. To reduce the file size and increase the logging speed, only raw values are saved into the body section of the file. All further calculations are done in the post-processing.
Materials and Methods
The microfluidic chips are manufactured in two steps. Firstly the raw chips, consisting of only the two TIR mirrors, are made by injection moulding. Afterwards, the channels and holes for the fluid connectors are milled with a CNC milling machine. This two-step procedure ensures a very high quality of the mirrors, while keeping the flexib- ility for manufacturing the channels. Available materials are cyclic olefin copolymer (COC6013), polycarbonate (PC) and polymethylmethacrylate (PMMA). COC6013 has a refractive index of 1.53 and an Abbe number of 56, while PC has a refractive index of 1.59 and an Abbe number of 30.5 and PMMA has a refractive index of 1.49 and an Abbe number of 57.5. The refractive indices are for a wavelength of 589 nm and obtained after ISO 489 [7] . The Abbe number is a non-dimensional quantity to measure the dispersion of the optical medium. The smaller the Abbe number, the higher the dispersion. All presented measurements are done with the COC6013 chip. As test samples 15 different Bentonite suspensions are used, with an optical density ranging from OD 0.0038 to OD 2.9277. The diluent and the OD 0.0 reference is deionized water (DI-water). Bentonite is a very fine clay and has the advantage that it not only absorbs the light, but also scatters it. Furthermore, it is easy to handle, non toxic and it can be disposed into a regular sink. These suspensions are produced and tested with the table-top BANSAI system, which was calibrated with UV/VIS Glass filter calibration standards (Hellma GmbH & Co. KG, Germany), before they were measured with this setup.
The measured signals are superimposed by a low frequency oscillation, whose two frequency components could be identified with a fast Fourier transform (FFT). In the post-processing these oscillations are filtered out with a numerical Butterworth low-pass filter with a cut-off frequency of 0.05 Hz.
Results
Transmission measurements of 15 different optical densities with present ambient light are illustrated in Fig. 4(a) . For each measurement, DI-water is used as OD 0.0 reference and pumped through the channel, followed by the sample fluid and then again the OD 0.0 reference. For every sample 1500 measurement points are acquired. Using a MATLAB script in the post-processing, the data is separated into reference and transmission values, and the average over 200 reference measurement points and 50 transmission measurement points is calculated. The average over more values for the reference is necessary, because it is stronger influenced by noise. There is a variation in the intensity of the reference signal due to variations in the laser power, illustrated with black squares. This is not relevant, since this affects both the reference and the transmission signal and for the calculation of the optical density the ratio between both signals is relevant, not their absolute values. To be able to evaluate the measured values in the plot, the theoretical expected transmission values are calculated based on the measured reference values and illustrated with blue triangles. The measured values follow an exponential trend, which appears as a linear line in this semi-logarithmic plot, illustrated with red dots. However, since the optical density is a logarithmic unit, there is a linear relation between the measured transmitted intensities and the expected transmitted intensities. The exponential fit (red dashed line) has a very high coefficient of determination with R 2 = 0.995 and a maximum residual of −273.
The measured transmitted intensity values are higher than the theoretically expected ones, because some of the light passes alongside the measurement channel in the microfluidic chip.
With a rescaling factor of α = 2.05 the measured transmitted intensities can be fitted to the theoretically expected values. The optical density of the samples can be determined with the following equation:
OD sample = lg
Where I 0 is the reference intensity, I T the transmitted intensity and α the rescaling factor. Simultaneous transmitted and side scattered light measurements are shown in 4(b). The slow transition between the reference and the sample is caused by diffusion between these two fluids. This can be overcome by intentionally introducing an air-bubble, which causes a spike on both measured signals. This could be used for automated measurements to differentiate between reference and samples.
All these measurements are performed with ambient light present and the noise caused by this light is clearly visible as a superimposed oscillation. However, the measured signal is almost one order of magnitude stronger than the ambient light, which can be treated as noise and filtered out in the post-processing. In theory, this should not occur due the usage of a pulsed laser with a pulse duration of 1.5 ns. However, the laser source has a jitter of 1 µs to 7 µs and the minimum integration time of the amplifier is 1 µs [8, 9] . This increases the captured amount of ambient light significantly and reduces the possibility of measuring independently of the ambient light.
The transmission signal, illustrated in black in Fig.  4(b) , drops as soon as a turbid fluid gets pumped through the measurement channel. Conversely, the signal increases on the side scattered channel, since now the particles are scattering the light in different directions, preventing it from passing straight through. Due to the placement of the photodiode for the side scattered light measurement this channel contains more noise, since there is no aperture trimming ambient light. Furthermore, the scattered light signal is clearly weaker than the transmitted one. It is shown that the BANSAI system on a microfluidic chip is capable of determining optical densities and simultaneously collecting side scattered light. The measured values follow a linear behaviour, even with ambient light present. However, these measurements are only a first step to verify the performance of this system.
Vision: Fully integrated lab-on-a-chip system
The next step to implement BANSAI on a lab-on-a-chip system is to further reduce the size of the system. Reducing bulk detection and analysis systems in the fields of biology, chemistry and medicine is a growing trend to enhance the performance and availability of such devices. Especially the integration of fluidic and integrated photonic circuits into optofluidic applications has attracted much interest in the last decade [10, 11, 12] . For most of the recent optofluidic devices the material of choice are polymers due to their easy, rapid and flexible processing. Moreover, polymers are attractive for low-cost disposable sensors where contamination must be avoided. Here, injection moulding would be the industrially preferred technology. In order to implement the approach of BANSAI into a polymer optofluidic lab-on-a-chip platform, all features and functions must be scaled down to micrometre dimensions. The most straightforward part to be reduced to the required dimensions for a future µBANSAI device is the microfluidic channel network which can be easily fabricated in epoxy photoresists, including the popular SU-8 resist using conventional photolithography [13] . However, two main difficulties can be identified concerning the optical part. First, interfacing the waveguide layer of small footprint photonic sensors to optical fibers is a challenging exercise due to the small waveguide crosssections often being in the range of several hundreds of nanometers. To date, efficient coupling to planar waveguides using grating couplers has been mainly implemented in silicon-on-insulator (SOI) due to the high refractive index contrast of the materials that provide high coupling strengths [14] . However, light coupling into planar polymer platforms is considerably difficult due to the low refractive index contrast of the polymer materials, which often limits the efficiency of such devices [15, 16] . A common method for maximizing the refractive index contrast and therefore increasing the coupling strength of the grating coupler is to exploit air as the cladding layer as has been shown for different material classes [17, 18, 19, 20] . A simple and useful fabrication method for air claddings in polymer material can be derived from embedded microfluidic channels where a polymer layer is bonded on top of a channel structure. However, in order to enable airsuspended polymer grating couplers to couple light to a µBANSAI system operating in the single mode regime of optical waveguides, the air-suspended polymer film thicknesses need to be reduced to several hundreds of nanometers according to the single mode condition [21] . Fig.   5 (a) shows a schematic of a future µBANSAI lab-on-a-chip system. Two air-suspended grating couplers are used to couple light into and out of the system. Between the grating couplers a highly sensitive sensor element and a microfluidic channel for the analyte to be probed will be employed. Fig. 5(b) shows a scanning electron microscope (SEM) image of the cross-section of a preliminary result of an air-suspended polymer grating coupler realized using SU-8. The second main challenge for the detection and analysis of biochemical and -medical species in optofluidic sensors is caused by the shortened optical path length that leads to weak optical absorption. Consequently, it is difficult to achieve high sensitivities and low detection limits. Therefore, increasing the overlap between the optical field and target analyte is the ultimate way of improving the sensitivity of the sensing configurations, while improving the signal to noise ratio is an effective way of increasing the limit of detection [22] . Therefore, recent devices focus on increasing the light-matter interaction strength by creating a large overlap of the electromagnetic field of light with the analyte. One very promising approach to confine light efficiently in a low refractive index medium, e.g. an analyte, is to surround the medium with a high-index dielectric periodic structure. Here, the optical light confinement in the analyte relies on constructive interference of multiple reflections at the boundaries of the periodic structure. This principle works over a wide range of layers, from devices using only one or a few cladding layers such as antiresonant reflecting optical waveguides [23] to extended periodic structures such as Bragg waveguides. Bragg photonic band gap guidance has been mainly demonstrated for fibrebased applications [23, 24, 25, 26, 27] . It was found that such devices provide an excellent overlap between the fluidic and optical volumes for maximized interaction, resulting in a range of new sensing opportunities [28] . However, in order to realize µBANSAI on a planar optofluidic polymer platform novel concepts to integrate Bragg reflection waveguides must be explored. Further, other principles to increase the overlap of the optical field and a medium to be analysed will be considered.
Discussion and Conclusions
In this work, we have presented three iterative development stages of a novel biomedical analysis system with laser light (BANSAI). The albumin measurements of the table top setup proofed the feasibility of our system. The linearity over a range of 2.5 g/L up to 60 g/L as well as a comparison with a commercial system were presented. The system was then implemented on a microfluidic chip, capable of measuring simultaneous transmitted and side scattered light, even with ambient light present. The optical density measurements with Bentonite showed a linear behaviour. First approaches of a lab-on-a-chip implementation present air-suspended polymer grating couplers.
Future work will be to combine the measurement principles and techniques used in the microfluidic chip with the polymer approach in the µm-scale, and perform the albumin measurements again on the polymer based system. These polymer chips will then be the disposable part of a blood analysis system, while the laser and detection components will be placed in the reusable part of the system.
